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ABSTRACT 
The stress corrosion cracking susceptibility of AM-355 stainless 
steel alloy was studied. This alloy is used extensively for sleeves in 
flared tube fittings in the S-I and S-IC stages of the Saturn I and 
Saturn V vehicles, respectively. Various heat treated conditions were 
investigated and relative stress corrosion cracking susceptibility 
determined. Of the generally used heat treatments, the fully hardened 
SCT 1000 treatment was found to be superior in stress corrosion 
resistance. 
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STRESS CORROSION STUDIES OF AM-355 STAINLESS STEEL 
By J. G. Williamson 
SUMMARY 
An investigation of the stress corrosion susceptsbility of AM-355 
stainless steel alloy was initiated because of a stress corrosion 
cracking problem associated with the sleeves which are used with flared 
tube fittings on the Saturn I. Because of the precipitation-hardening 
characteristics of AM-355, the heat treatment is considered the most 
important factor in controlling stress corrosion cracking. Therefore, 
the various heat treated conditions were investigated, and the relative 
stress corrosion cjacking susceptibilities were determined. 
This study indicated that the presence of a carbide network in the ' 
grain structure increases greatly the susceptibility of AM-355 to stress 
corrosion cracking; however, cracking can occur if no carbides are present. 
The tempering temperature used for this alloy is equally as important as 
the basic heat treatment in preventing stress corrosion cracking. To 
assure the greatest resistance to this type of failure, the AM-355 alloy 
should be given the fully hardened SCT heat treatment with a tempering 
temperature of at least 950°F and preferably 1000°F. 
INTRODUCTION 
The semi-austenitic stainless steels developed in recent years are 
finding increased use in space vehicle applications because of their 
unique properties which combine the corrosion resistance and formability 
characteristics of the austenitic stainless steels and the strength of 
the straight chromium, martensitic steels. One important but unclarified 
point is the stress corrosion resistance of these alloys. 
The most frequently used alloy of the semi-austenitic stainless 
steels in the S-I and S-IC vehicles is AM-355. The major use of AM-355 
in these vehicles is for sleeves used in flared tube fittings which 
require a material of high strength and hardness. The stress corrosion 
susceptibility of this alloy was studied because of a cracking problem 
associated with these sleeves. Although cracking problems, attributed to 
various reasons, have occurred through the years with this type of fitting, 
metallurgical analyses of these failures gave strong indications that the 
problem w a s  due t o  s t ress  c o r r o s i o n .  
w i th  t h e s e  s p e c i f i c  p a r t s  w i l l  be covered i n  ano the r  r e p o r t .  
The c r a c k i n g  problem a s s o c i a t e d  
F a c t o r s  t h a t  could  c o n t r i b u t e  t o  t h e  s t r e s s  c o r r o s i o n  s u s c e p t i b i l i t y  
of AM-355 a l l o y  a r e  many; however, because of t h e  p r e c i p i t a t i o n  ha rden ing  
c h a r a c t e r i s t i c s  of  t h i s  a l l o y ,  t h e  h e a t  t r e a t m e n t  w a s  cons ide red  t o  be 
t h e  most important  f a c t o r  i n  c o n t r o l l i n g  t h i s  phenomena. Thus, t h e  pur-  
pose o f  t h e  s tudy  w a s  t o  de te rmine  t h e  e f f e c t  o f  v a r i o u s  h e a t  t r e a t m e n t s  
on t h e  s t r e s s  c o r r o s i o n  s u s c e p t i b i l i t y  of  AM-355 a l l o y .  
EXPERIMENTAL PROCEDURE 
S ince  the major u se  o f  AM-355 a l l o y  i n  t h e  Sa tu rn  v e h i c l e s  h a s  
been conf ined  t o  s l e e v e s  f o r  f l a r e d  tube  f i t t i n g s ,  a l l  s t ress  c o r r o s i o n  
specimens f o r  t h i s  s tudy  were f a b r i c a t e d  from ba r  s t o c k  and from a c t u a l  
s l e e v e s .  The ba r  s t o c k ,  purchased from t h e  Allegheny-Ludlum S t e e l  
Corpora t ion ,  was double  consumable e l e c t r o d e  me l t ed ,  c a r b i d e  s o l u t i o n  
t r e a t e d ,  equa l i zed ,  and overtempered.  Table  I g i v e s  t h e  a n a l y s i s  of  
t h i s  ma te r i a l .  The a l l o y  w a s  g iven  t h e  v a r i o u s  h e a t  t r e a t m e n t s  t h a t  are 
shown i n  Table  11. The s l e e v e s  used i n  t h i s  s tudy  a l s o  were h e a t  t r e a t e d  
i n  t h e  same manner a s  t h e  ba r  s t o c k ;  however, s i n c e  they  were t aken  from 
s t o c k ,  t h e y  were f a b r i c a t e d  from v a r i o u s  l o t s  of mater ia l .  A l l  l o t s  con- 
formed t o  MSFC S p e c i f i c a t i o n  145. 
A IT"-r ing type  specimen (FIG 1) u t i l i z i n g  t h e  c o n s t a n t  d e f l e c t i o n  
method expla ined  i n  Appendix I was employed i n  t h i s  work. Specimens 
which were machined from one and one -ha l f - inch  b a r  s t o c k  were one and 
t h r e e - e i g h t h s  i n c h e s  i n  d i ame te r  w i th  a w a l l  t h i c k n e s s  of 0.062 inch .  
Specimens made from sleeves were 1 .6  inches  i n  d i ame te r  and 0.048 i n c h  
i n  w a l l  t h i ckness .  The specimens were degreased  wi th  a c e t o n e ,  s t r e s s e d  
t o  t h e  d e s i r e d  l e v e l ,  and then  p l aced  i n  t h e  v a r i o u s  c o r r o s i v e  env i ron -  
ments u n t i l  f a i l u r e  occurred  o r  u n t i l  t h e  t e s t s  w e r e  t e rmina ted .  Mechan- 
i c a l  p r o p e r t i e s  of  t h e  a l l o y  were measured by c u t t i n g  t e n s i l e  specimens 
from each b a r ;  minimum publ i shed  v a l u e s  were used f o r  specimens which 
were made d i r e c t l y  from f a b r i c a t e d  s l e e v e s .  Specimens were s t r e s s e d  a t  
v a r i o u s  l e v e l s  from 25 t o  100 pe rcen t  of t h e  y i e l d  s t r e n g t h  (0 .2  pe rcen t  
o f f s e t )  of t h e  a l l o y .  The c o r r o s i v e  environments  i nc luded  con t inuous  
s a l t  sp ray  ( f i v e  pe rcen t  NaCl), a l t e r n a t e  immersion (3 .5  pe rcen t  N a C l ) ,  
and bo th  i n s i d e  and o u t s i d e  exposure  a t  t h e  George C .  Marsha l l  Space 
F l i g h t  C e n t e r ,  H u n t s v i l l e ,  Alabama. The a l t e r n a t e  immersion t e s t  (FIG 2) 
c o n s i s t s  o f  10 minutes immersion i n  t h e  s a l t  s o l u t i o n ,  fol lowed by 50 
minutes  of  dry ing  each hour .  
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RESULTS AND DISCUSSION 
The complete  r e s u l t s  of  t h i s  s tudy  a r e  summarized i n  Table  111. It 
i s  e v i d e n t  t h a t  t h e  f u l l y  hardened SCT h e a t  t r ea tmen t  i s  v a s t l y  s u p e r i o r  
t o  t h e  SCT h e a t  t r ea tmen t  i n  reducing t h e  s u s c e p t i b i l i t y  o f  AM-355 a l l o y  
t o  s t ress  c o r r o s i o n  c rack ing .  These t e s t s  a l s o  i n d i c a t e d  t h a t  t h e  t e m -  
p e r i n g  tempera ture  i n f l u e n c e s  g r e a t l y  t h e  s t r e s s  c o r r o s i o n  s u s c e p t i b i l i t y .  
The h igh  tempering tempera tures  reduced t h e  s u s c e p t i b i l i t y  of t h i s  a l l o y  
t o  some e x t e n t  i n  t h e  SCT cond i t ion  and t o  an  even g r e a t e r  e x t e n t  i n  t h e  
f u l l y  hardened SCT c o n d i t i o n .  A t  t h i s  tempering tempera ture  (lOOO'F), 
t h e  a l l o y  has  l e s s  ha rdness  and s t r e n g t h  but  g r e a t e r  d u c t i l i t y  and no tch  
s t r e n g t h .  A l l  of t h e s e  p r o p e r t i e s  tend  t o  make most metal  a l l o y s  l ess  
s u s c e p t i b l e  t o  s t ress  c o r r o s i o n  c rack ing ,  and t h i s  s tudy  h a s  i n d i c a t e d  
t h a t  t h i s  i s  t r u e  f o r  t h e  AM-355 a l l o y .  
A s  shown i n  Table  111, a l l  specimens t h a t  w e r e  t e s t e d  i n  t h e  SCT 850 
c o n d i t i o n  f a i l e d  when exposed i n  the a l t e r n a t e  immersion t e s t e r .  Spec i -  
mens s t r e s s e d  t o  as low a s  25 percent  of  t h e  y i e l d  s t r e n g t h  (41 .5  k s i )  
f a i l e d  i n  51 t o  114 days .  A t  5 0 - p e r c e n t  of t h e  y i e l d  s t r e n g t h  (83 k s i ) ,  
t h e  specimens f a i l e d  i n  11 t o  35 days ,  and specimens s t r e s s e d  a t  75 and 
100 pe rcen t  o f  t h e  y i e l d  s t r e n g t h  f a i l e d  i n  2 t o  10 days .  
Using t h e  same b a s i c  h e a t  t r ea tmen t  (SCT) but  tempered a t  1000°F, 
specimens o f  t h i s  a l l o y  showed a c o n s i d e r a b l e  improvement i n  t h e  suscep-  
t i b i l i t y  t o  stress c o r r o s i o n  c rack ing  i n  t h e  a l t e r n a t e  immersion t e s t e r .  
None o f  t h e  specimens which were s t r e s s e d  a t  25 pe rcen t  of t h e  y i e l d  
s t r e n g t h  f a i l e d  i n  180 days o f  exposure ,  and only  two o u t  of  s i x  s p e c i -  
mens f a i l e d  (124 and 125 days)  a t  a s t ress  l e v e l  of 50 pe rcen t  o f  t h e  
y i e l d  s t r e n g t h .  Only t h r e e  of  s i x  specimens f a i l e d  a t  75 pe rcen t  of  t h e  
y i e l d  s t r e n g t h  i n  30 t o  107 days ,  and a l l  s i x  specimens t h a t  were s t r e s s e d  
a t  100 pe rcen t  of t h e  y i e l d  s t r e n g t h  f a i l e d  i n  37 t o  156 days .  
I n  t h e  f u l l y  hardened SCT c o n d i t i o n ,  t h e  AM-355 a l l o y  i n  the 850'F 
temper w a s  somewhat less  s u s c e p t i b l e  t o  s t ress  c o r r o s i o n  c r a c k i n g  t h a n  
i n  t h e  SCT 1000 c o n d i t i o n .  A s  t he  tempering tempera ture  i n  t h e  f u l l y  
hardened SCT c o n d i t i o n  inc reased ,  t h e  r e s i s t a n c e  to st ress  c o r r o s i o n  
c r a c k i n g  i n c r e a s e d  t o  a g r e a t  e x t e n t .  The a l l o y  which w a s  tempered a t  
950'F and 1000°F d i d  n o t  f a i l  dur ing  t h e  180-day t e s t .  
Limited t e s t s  i n  o t h e r  environments s u b s t a n t i a t e d  t h e  r e s u l t s  t h a t  
were o b t a i n e d  by us ing  t h e  a l t e r n a t e  immersion t e s t e r ;  however, t h e  
a l t e r n a t e  immersion t e s t  proved t o  be  t h e  most s eve re  of t he  environments  
used i n  t h i s  s t u d y .  S a l t  spray t e s t s ,  when used t o  compare t h i s  a l l o y  
i n  t h e  f u l l y  hardened SCT 850 c o n d i t i o n  t o  t h e  f u l l y  hardened SCT 1000 
c o n d i t i o n ,  showed only  one f a i l u r e  i n  t h e  f u l l y  hardened SCT 850 (100 
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percen t  y i e l d  s t r e n g t h )  and no f a i l u r e s  i n  t h e  f u l l y  hardened SCT 1000 
c o n d i t i o n .  I n  t h e  o u t s i d e  atmosphere a t  t h e  Marsha l l  Space F l i g h t  Cen te r ,  
t h e  h i g h  s u s c e p t i b i l i t y  of t h i s  a l l o y  i n  t h e  SCT 250 c o n d i t i o n  a l s o  was 
shown. I n  t h i s  r a t h e r  mi ld  environment ,  two of  t h r e e  specimens f a i l e d  
a t  s t ress  l e v e l s  of  75 and 100 pe rcen t  of t h e  y i e l d  s t r e n g t h ;  no f a i l u r e s  
occur red  i n  t h e  f u l l y  hardened SCT 1000 c o n d i t i o n .  F a i l u r e s  d i d  n o t  
occur  i n  any of t h e  specimens exposed i n  t h e  l a b o r a t o r y  environment i n  
any of  t h e  v a r i o u s  h e a t  t r e a t e d  c o n d i t i o n s .  
M e t a l l u r g i c a l  a n a l y s i s  of  t h i s  a l l o y  i n d i c a t e d  t h e  presence  o f  g r a i n  
boundary ca rb ide  networks i n  a l l  specimens h e a t  t r e a t e d  t o  t h e  SCT condi -  
t i o n  (FIG 3 and 4 ) .  These networks a p p a r e n t l y  c o n t r i b u t e d  g r e a t l y  t o  t h e  
s u s c e p t i b i l i t y  of t h i s  m a t e r i a l  t o  s t r e s s  c o r r o s i o n  c r a c k i n g ;  however, 
t h e  f u l l y  hardened SCT h e a t  t r ea tmen t  comple te ly  e l i m i n a t e d  t h e  c a r b i d e  
ne tworks ,  but s t ress  c o r r o s i o n  c r a c k i n g  occur red  when t h e  tempering t e m -  
p e r a t u r e  was 850°F o r  900°F. F i g u r e s  5 and 6 show a c r a c k  i n  a specimen 
which h a s  a c a r b i d e  network and one t h a t  i s  f r e e  of  such a network. 
Both c r a c k s  a r e  i n t e r g r a n u l a r ,  and t h e  mode of f a i l u r e  appea r s  t o  be t h e  
same. The re fo re ,  s t ress  c o r r o s i o n  c rack ing  can occur  i n  t h i s  a l l o y  wi th -  
o u t  t h e  presence of  c a r b i d e  networks i n  t h e  g r a i n  s t r u c t u r e .  Both t h e  
c o r r e c t  h e a t  t r ea tmen t  and f i n a l  t emper  must be used t o  o b t a i n  t h e  g r e a t e s t  
r e s i s t a n c e  t o  s t r e s s  c o r r o s i o n  Cracking .  
CONCLUSIONS AND RECOMMENDATIONS 
T h i s  s tudy  h a s  i n d i c a t e d  t h a t  t h e  f u l l y  hardened SCT 1000 h e a t  t r e a t -  
ment g r e a t l y  reduces t h e  s u s c e p t i b i l i t y  of AM-355 s t a i n l e s s  s tee l  t o  
s t ress  c o r r o s i o n  craclcing under t h e  c o n d i t i o n s  of  t h e s e  t e s t s .  The 
a l l o y  i s  v e r y  s u s c e p t i b l e  i n  t h e  SCT 850 and SCT 1000 c o n d i t i o n s  and 
moderately s u s c e p t i b l e  i n  t h e  f u l l y  hardened SCT 850 and f u l l y  hardened 
SCT 900 c o n d i t i o n .  
The presence of a c a r b i d e  network i n  t h e  g r a i n  s t r u c t u r e  g r e a t l y  
i n c r e a s e s  t h e  s u s c e p t i b i l i t y  of  t h i s  a l l o y  t o  s t ress  c o r r o s i o n ,  ? robably  
because of t h e  inc reased  i n t e r g r a n u l a r  c o r r o s i o n  and p i t t i n g  a long  t h e  
g r a i n  boundary c a r b i d e s ;  however, c r a c k i n g  can  occur  when no c a r b i d e s  are  
p r e s e n t .  The tempering tempera ture  used f o r  t h i s  a l l o y  i s  e q u a l l y  as 
impor tan t  as the b a s i c  h e a t  t r e a t m e n t  p rocess  i n  p r e v e n t i n g  s t ress  c o r r o -  
s i o n  c r a c k i n g .  To a s s u r e  t h e  g r e a t e s t  r e s i s t a n c e  t o  s t ress  c o r r o s i o n  
c r a c k i n g ,  t h e  AM-355 a l l o y  should  be g iven  t h e  f u l l y  hardened SCT h e a t  
t r ea tmen t  w i th  a tempering tempera ture  o f  a t  l ea s t  950°F and p r e f e r a b l y  
1000" F. 
APPENDIX 
METHOD FOR STRESSING "C"-RING STRESS CORROSION SPECIMENS 
The fo l lowing  i s  a procedure f o r  s t r e s s i n g  "C"-ring s t r e s s  co r ro -  
s i o n  specimens: 
1. Measure w i t h  a micrometer t o  t h e  n e a r e s t  1/1000 of an  inch  t h e  
o u t s i d e  p a r a l l e l  t o  t h e  s t r e s s i n g  screw (ave rag ing  t h e  two ends of t h e  
r i n g )  and t h e  w a l l  t h i c k n e s s .  
2 .  S e t  up a t a b l e  t o  c a l c u l a t e  t h e  f i n a l  d iameter  (ODf) r e q u i r e d  
t o  g i v e  t h e  d e s i r e d  s t r e s s  u s i n g  the  fo l lowing  e q u a t i o n s :  
ODf = OD-A 
A = f . f i*D2 
4 . E . t . Z  where A = Change of  OD g i v i n g  d e s i r e d  s t r e s s ,  inch 
f = Desired s t r e s s ,  p s i  
OD = Outs ide  d i ame te r ,  inch  
t = Wall t h i c k n e s s ,  inch  
D = Mean diameter  (OD-t), i nch  
E = Modulus of e l a s t i c i t y  
Z = Constant  ( f u n c t i o n  of r i n g  D / t )  
ODf = F i n a l  o u t s i d e  d iameter  of s t r e s s e d  "C"-ring 
3 .  To s i m p l i f y  c a l c u l a t i o n s ,  c e r t a i n  terms i n  t h e  above equa t ion  
may be combined i n t o  a c o n s t a n t  t h a t  w i l l  be a p p l i c a b l e  f o r  a group of  
r i n g s  of t h e  same a l l o y  and s i z e .  
Let 4.E = K ,  a c o n s t a n t  
7t 
Then A = f . D 2  
K a t  
5 
TABLE I 
CHEMICAL COMPOSITION AND C E R T I F I C A T I O N  T E S T S  
CONDUCTED ON AM-355 BAR STOCK, HEAT NUMBER 24497-5 
Constituents Percent 
C 
Mn 
P 
S 
S i  
C r  
N i  
MO 
N 
H2 
02 
0.103 
1.060 
0.017 
0.007 
0.28 
15.22 
4.20 
2.74 
0.077 
7 PPm 
24 PPm 
6 
TABLE I1 
HEAT TREATMENTS AND PHYSICAL PROPERTIES 
OF AM-355 STAINLESS STEEL ALLOY 
SCT 850 1 hour at 1900°F, WQ;? 
10 minutes at 1710°F, WQ 
3 hours at -100°F 
3 hours at 850"F, air cooled 
Mechanical Properties 
U.T.S. Y.S. Elong. Hardness 
216;OOO 182,000 19% 46-47 
SCT 1000 1 hour at 1900"F, WQ 
10 minutes at 1710°F, WQ 
3 hours at -100°F 
3 hours at 850°F, air cooled 
Mechanical Properties 
U.T.S. Y .S. Elong. Hardness 
173,000 148,000 16% RC 37-40 
FH SCT 850 1 hour at 1900"F, WQ 
3 hours at -100°F 
15 minutes at 1750°F, WQ 
3 hours at -100°F 
3 hours at 850"F, air cooled 
Mechanical Properties 
U . T . S .  Y.S .  Elong. Hardness 
215,000 102,000 20.9% 46-47 
FH SCT 300 1 hour at 1900°F, WQ 
3 hours at -100°F 
15 minutes at 1750"F, WQ 
3 hours at -100°F 
3 hours at 300°F, air cooled 
Mechanical ProDerties 
U.T.S. Y.S. Elong. Hardness 
210,000 1G2,000 19.6% 45-46 
;?Water quenched 
7 
TABLE I1 (Concluded) 
FH SCT 950 1 hour at 1900"F, WQ 
3 hours at -100'F 
15 minutes at 1750'F 
3 hours at -100°F 
3 hours at 950'F 
Mechanical Properties 
U.T.S. Y . S .  Elong. Hardness 
186,009 174,000 18% Rc 42 
FH SCT 1000 1 hour at 1900°F, WQ 
3 hours at -100'F 
15 minutes at 175OOF 
3 hours at -100'F 
3 hours at 1000°F 
Mechanical Properties 
U.T.S. Y .S. Elong, Hardness 
176,000 163,000 20.6% RC 38-40 
H 
W 
H 
3 
3 
Pa 
4 w w 
E-l 
rn 
.$ cn 
In m 
m 
4 
F 
0 
rn 
m m  m m  
h l m a  
d 
m 
d 
rl 
m m m m  
N m N  
N 
m 
r( 
a -  m -  d m  
d c u  
C 
0 
*?I 
u 
-A 
a 
C 
0 
c) 
a 
a, u 
a, a 
E 
E 
0 
. .  
W 
1 1 1 .  
m c n  m o m o  m o m o  m o m o  m o m o  m o m o  a 
a , .  N m h o  h l m - 0  N m - 0  N m b o  N m h O  a, 
rl rl d rl r l u  
u 
[A 6- 
9 
m .  
m c n  
a , .  
U 
& *  
cn #! 
a 
a, a 
3 
4 
m o m 0  
C U r n b O  
0 
4 
u 
U 
g 
W 
H 
H 
H 
m m m m  
10 
w > 
W 
-I 
a 
a 
a 
5 
W 
> 
W 
W 
1 
v) 
Z 
e 
- 
W 
l- 
n 
a 
a 
m 
Lo 
LD 
M 
Y 
0 
0 
t- 
v)  
e a 
m 
5 
a 
5 
0 
a 
L L  
W 
n 
a z 
v) 
Z 
W z - 
0 
W 
a 
v, 
z 
0 
v) 
0 
a 
a 
0 
0 
v, 
v) 
W 
t- 
v) 
- 
a 
11 
’-- 7 
12 
z 
0 
I- 
z 
0 
O 
0 
0 
0 
- 
 
n 
4 
c 
n 
n 
a a 
O cn 
W 
Z 
W 
I 
5 
-I 
3 
LL 
Z 
-I 
W 
W 
I- cn 
m 
m 
- 
"? z 
a 
LL 
0 
a 
W 
3 
I- 
O 
3 
I- cn 
Z 
a 
- 
*a 
a 
a z 
a 
0 
Z 
c3 
J 
c,j 
a 
W 
3 
c3 - 
L L  
13 

c 
F I G U R E  5 .  - CRACK IN A M - 3 5 5  ALLOY WITHOUT C A R B I D E  N E T W O R K  
15 
FIGURE 6. - CRACK IN AM-355 ALLOY CONTAINING CARBIDE NETWORK 16 
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